The first example of asymmetric oxycarbonylative bicyclisation of racemic pent-4-ene-1,3-diol (±)-1 catalysed by palladium(II) with chiral bis(oxazoline) ligands was investigated. The kinetic resolution of (±)-1 in the presence of chiral catalyst, p-benzoquinone in acetic acid under carbon monoxide atmosphere (balloon) afforded both optically enriched 2,6-dioxabicyclo[3.3.0]octan-3-ones (R,R)-2 and (S,S)-2, respectively.
Introduction
Intramolecular palladium(II)-catalysed oxycarbonylation of unsaturated polyols is an important transformation of alkenes into bisheterocyclic lactones. 1 The first examples of this domino reaction Pd(II)-promoted cyclisation -intramolecular oxycarbonylation were described for 1,4-and 1,3-alkenediols providing cis-fused bicyclic lactones, and involving tetrahydropyran 2 and/or tetrahydrofuran 3 structural motif, respectively (Scheme 1). Such a transformation of optically pure substrates has found numerous applications as the key step in the total syntheses of natural compounds (goniofufurone, 4a,b goniothalesdiol, 4c,d erythroskyrine, 4e kumausyne, 4f Hagen's gland lactones, 4g and/or plakortones 4h-j ).
Typically, alkoxycarbonylation of alkenyl alcohols is catalysed by 10 mol % of the palladium(II)-salt in the presence of an oxidant (CuCl 2 , p-benzoquinone, O 2 ). Generally, the most efficient catalytic system for intramolecular oxycarbonylation of unsaturated polyols, originally developed for the Wacker process, contains palladium(II) chloride as a catalyst, copper(II) chloride as an oxidant, sodium acetate in acetic acid as a buffer, the reaction taking place under carbon monoxide atmosphere (balloon) at room temperature. In accordance with the diastereoselective cis-ring formation, racemic pent-4-ene-1,3-diol (±)-1 afforded under these reaction conditions racemic 2,6-dioxabicyclo[3.3.0] octan-3-one (±)-2 in 60% yield. 3 An asymmetric version of this type reaction has not been reported so far. 
Results and Discussion
Firstly, the catalytic system for kinetic resolution of unsaturated diols was examined. The racemic pent-4-ene-1,3-diol 10 (±)-1 has been chosen as a model substrate for screening the reaction conditions. The transformation was carried out with different chiral PdX 2 -[(R,S)-indabox] complexes, p-benzoquinone in acetic acid under carbon monoxide atmosphere (balloon). Chiral palladium(II)-complexes were generated in situ from PdX 2 and a slight excess of chiral ligand
In accordance with a kinetic resolution process, the reaction was performed with 50% conversion by use of 0.5 equivalent of p-benzoquinone. Conversion control was made by GC with methyl benzoate as an internal standard. The reaction was quenched after 50% of the starting material had been consumed. The bicyclic product 2 and the remaining diol 1 were separated by flash chromatography. The enantiomeric excess of lactone (R,R)-2 was determined by GC analysis with a chiral stationary phase (BGB 175 and BGB 173 column). The absolute configuration of (R,R)-2 was assigned by comparison of the specific rotation value with the literature data ( As shown in Table 1 , the reaction catalysed with PdCl 2 -{(R,S)-indabox (A)} (entry 1) and Pd(BF 4 ) 2 -{(R,S)-indabox} complexes (entry 4) afforded only racemic lactone 2. Moderate selectivities were achieved using Pd(OAc) 2 -{(R,S)-indabox} (entry 2) and Pd(OCOCF 3 ) 2 -{(R,S)-indabox} catalysts (entry 3). It is apparent that catalytic activity of palladium complexes in the present reaction was strongly dependent upon the nature of the anionic part of the catalyst. It is notable that in transformation of 1 to 2 the use of dichloromethane or tetrahydrofuran as solvents did not give satisfactory results in terms of both conversion and enantioselectivity. a Reaction was treated after 50% of starting material had been consumed (GC control). b Isolated yield after flash column chromatography. b Enantiomeric excesses were determined using gas chromatography with chiral stationary phase.
Having found reaction conditions for a kinetic resolution process of the diol (±)-1 by Pd(II)-catalysed oxycarbonylation, our attention was turned to the screening of chiral ligands (Scheme 2). Chiral C 2 -symmetric bisoxazolines have been chosen due to their ability to create stable palladium(II)-complexes. 13, 14 The reaction was carried out under optimised reaction conditions for kinetic resolution of (±)-1 using 5 mol % of Pd(OAc) 2 and 7.5 mol % of ligands A-H in glacial acetic acid, respectively. A cationic 6b acetate complex Pd-(OAc) 2 -{(R,S)-indabox A} was found to be catalytically so highly active that the amount of the catalyst could be reduced to 2.5 mol %. The conversion was controlled by the amount of reoxidant (0.5 equivalents of p-benzoquinone). After completion the reaction, the solids were filtered off, solvent was evaporated and the product and remaining substrate were separated by flash column chromatography of the crude reaction mixture. The enantiomeric excesses and absolute configurations of lactones 2 were determined as above. The absolute configurations of lactones 4 and 6 were established by comparison of their specific rotation values with the literature data {for (R,R,R) The NMR spectral data were in good agreement with those reported in the literature.
4g,15
Scheme 2. Kinetic resolution of alkene-1,3-diols (±)-1, (±)-3 and (±)-5 in asymmetric Pd(II)-catalysed oxycarbonylation. Table 2 summarises the results of a series of experiments with several Pd-(OAc) 2 (L*) complexes. Generally, the enantioselectivity of the reaction was increased by the use of catalyst/ligand in a ratio 1:3. The best result was noted with Pd-(OAc) 2 -{(R,S)-indabox} (entry 1). The 50% conversion of substrate was accomplished in 30 h at 18 o C, and racemic diol (±)-1 was converted into bicyclic lactone (R,R)-2 in 29% yield and 62% ee. The use of palladium catalysts with ligands B, C and F in the same reaction conditions furnished products 2 in comparable yields (28 -33%), but with lower enantioselectivity (40 -45% ee, entries 2, 3 and 6). When the reaction was performed in the presence of ligands D, E, G, and H the bicycle 2 was obtained with low selectivity, although these chiral bis(oxazolines) have been successfully used for other asymmetric transformations 15 (entries 4, 5, 7 and 8). Similarly, the syn-enriched diols (±)-3 4g and (±)-5 4g (syn/anti, 85:15 for (±)-3, 86:14 for (±)-5, see experimental part) provided only the corresponding exo-lactones 4 and 6, respectively, with high diastereoselectivity and good yields (35-38%, entries 9-12), however with low enantioselectivities. It is significant, that the reaction proceeding in the presence of S-configured bis(oxazoline) B provided enriched lactone (S,S)-2, while the opposite enantiomer C preferred formation of (R,R)-2. g -1 and concentrations are given in g/100 mL. Elemental analyses were run on FISONS EA1108 instrument. Infrared spectra were recorded on a Philips Analytical PU9800 FTIR spectrometer as KBr discs (KBr) or as thin films on KBr plates (film). NMR spectra were recorded on a Varian VXR-300 spectrometer. Chemical shifts (δ) are quoted in ppm and are referenced to the tetramethylsilane (TMS) as internal standard. The multiplicites of carbons were assigned from a broadband decoupled analysis used in conjuction with either APT or DEPT programs.
(±)-Non-1-ene-3,5-diol ((±)-3). DIBAL-H (16 mL, 1M in hexane, 2.5 equiv.) was added to a solution of (±)-3-hydroxynon-1-en-5-one 4g (1.0 g, 6.5 mmol) in anhydrous THF (50 mL) at - (±)-Undec-1-ene-3,5-diol ((±)-5). The procedure described above was applied for conversion of (±)-3-hydroxyundec-1-ene-5-one 4g,17 (2.5 g, 13. 4 mmol) to nonene-3,5-diol (±)-5. The crude product was purified by flash column chromatography (50 g of silica-gel, AcOEt/hexanes, 1:6); yield 1.9 g (76%) of (±)-5, colourless oil, R f 0.27 (AcOEt-hexanes, 1:1). The product consisted of a 86:14 syn/anti diastereomers (±)-5 (determined by 13 C-NMR). Resulting chiral palladium complex was dissolved in glacial AcOH (2 ml), substrate (±)-1 (1.0 mmol) and p-benzoquinone (0.5 equiv.) in AcOH (2 ml) were added. The flask was purged with CO from a balloon and the reaction mixture was vigorously stirred until the deposition of black palladium was observed (approx. 1-2 days). The solvent was evaporated and the crude product purified by flash column chromatography.
Asymmetric oxycarbonylation with (±)-1 (L*)Pd(BF 4 ) 2 Chiral ligand (0.075 mmol) in DCM (1 ml) was added to the solution of Pd(MeCN) 2 Cl 2 (0.05 mmol, 0.05 equiv.) in DCM (1 ml). The mixture was stirred for 15 min to give clear solution. This solution was added to a mixture of AgBF 4 (0.05 mmol) in DCM (1 ml). Precipitated AgCl was removed by filtration and the filtrate was concentrated. The solid was dissolved in glacial AcOH (2 ml) and substrate (±)-1 (1.0 mmol) and p-benzoquinone (0.5 equiv.) in AcOH (2 ml) were added. The flask was purged with CO from balloon and the mixture was vigorously stirred until black palladium was observed (approx. 1 day). The solvent was then evaporated and the crude product purified by flash column chromatography. MHz) δ 14.1 (q, CH 3 ), 22.6, 26.0, 29.2, 31.7, 34.7, 36.7, 38.8 (all t 
